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To achieve their therapeutic activity drug molecules have to cross
numerous biological barriers, formed by epithelia, cell membranes
andmetabolic inactivation, between the site of administration and the
target site in the body. Nucleoside analogues constitute an important
class of therapeutic compoundswith signiﬁcant anticancer or antiviral
properties [1]. Their main mechanism of action is a potent inhibition
of DNA synthesis [2]. However, they suffer from serious limitations.
They usually have poor in vivo stability and high hydrophilicity,
resulting in limited intracellular diffusion. Gemcitabine (Gem, dFdC)
is a ﬂuorinated nucleoside analogue indicated in the treatment of
pancreatic, non-small cell lung, bladder and breast cancers. It is also
active against lymphoid and myeloid cancer cell lines. However,
gemcitabine is rapidly and extensively deaminated in blood and in
some tissues by deoxycytidine deaminase (dCDA) to the inactiveuracil derivative, leading to a short plasma half-life [3]. In addition,
transport of gemcitabine across the cell membrane requires active
nucleoside transporters. Most of the gemcitabine uptake is mediated
by hENT1 transporters and, in fact, hENT1-deﬁcient cells are highly
resistant to this nucleoside analogue [4,5]. Following entry into the
cells gemcitabine has to be phosphorylated to become active. This
molecule is ﬁrst phosphorylated by deoxycydine kinase (dCK) to
produce dFdC-monophosphate (dFdCMP) which is then converted to
its diphosphate and triphosphate counterparts (dFdCDP and dFdCTP)
by other kinases. When incorporated into replicating DNA as a false
nucleoside, dFdCTP leads to DNA polymerization termination and
single strand breakage. First phosphorylation by dCK is the rate
limiting step for the activation of gemcitabine. Deﬁciency in dCK is
also a frequently described form of intrinsic or acquired resistance to
gemcitabine [6].
In an attempt to protect gemcitabine from rapid metabolic
inactivation and to improve cell absorption by increasing gemcitabine
lipophilicity, a new prodrug has been designed in our laboratory,
coupling gemcitabine to squalene [7]. Squalene is an acyclic
isoprenoid chain. It is a precursor in the biosynthesis of sterols and
as such a common cellular component. It has been discovered that the
Fig. 1. Chemical structure of gemcitabine–squalene (GemSq).
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which self-organize in water as nanoassemblies of 120–140 nm
displaying an inverted hexagonal structure [8].
The anticancer efﬁcacy of the gemcitabine–squalene (GemSq)
nanoassemblies has been tested both in vitro and in vivo in many
experimental cancer models. In vitro, nanoassemblies displayed
higher cytotoxicity than Gem in murine resistant leukemia L1210
10 K cells and in human leukemia resistant cell line CEM-ARAC/8C
[9,10]. In vivo, the GemSq nanoassemblies exhibited impressively
greater anticancer activity than gemcitabine against either solid sub-
cutaneously grafted tumors (panc-1, L1210 and P388) [8,11] or
aggressive metastatic leukemia (leukemia L1210 wt, P388 and RNK-16
LGL) [9,12]. It is thus clear that two fundamental objectives have been
achieved by coupling squalene and gemcitabine: (i) the synthesis of a
more potent therapeutic compound and (ii) the development of a new
nanodevice for drug delivery.
The complex mechanisms involved in enhanced efﬁcacy and
resistance reversal of GemSq nanoassemblies have been further
investigated by additional in vitro and in vivo experiments. These
experiments have evidenced the better stability of the prodrug in
plasma, its selective activation by cathepsin B, a major enzyme in
cancer cells, and the high deposition of nanoassemblies in spleen, liver
and lungs, the major metastatic organs in leukemia. The increased
cellular uptake and retention of GemSq and the better phosphoryla-
tion of gemcitabine when delivered as GemSq nanoassemblies have
also been suggested [9,13]. However, themechanism bywhich GemSq
cross the cell membrane or insert within it remains unclear. In parallel
with biological studies, simple model systems may shed light on how
the GemSq prodrug interacts with biomembranes.
The purpose of this study was to elucidate the inﬂuence of GemSq
molecules on the structure and long-range organization of phospho-
lipid bilayers, using small and wide angle X-ray scattering (SWAXS)
and differential scanning calorimetry (DSC). SAXS and WAXS are
sensitive to changes in the supramolecular structure of lipid bilayers
which may be induced by interactions with host molecules. The
thermotropic phase behaviour of lipid bilayers and, consequently, the
thermodynamic parameters would also be modiﬁed by the drug/
membrane interactions. Complementary information can therefore be
obtained from DSC. Dipalmitoylphosphatidylcholine (DPPC) bilayers
may be considered as simple model membrane since phosphatidyl-
cholines (PC) are, with sphingomyelins (SM), major lipid components
of the plasma membrane of cells. Furthermore, their structural and
thermodynamic properties are well characterized, which is an
essential prerequisite to study membrane perturbation by GemSq.
In the present study, long-range structural changes of DPPC induced
by GemSq have been evidenced. At room temperature, an unusual
inverse bicontinuous cubic phase formed over a broad composition
range. The basic bilayer structure displayed an intermediate order
between those of the gel and ﬂuid phases of DPPC. This cubic phase
converted to a liquid-crystalline phase upon heating. The thermally
induced transition was studied by time-resolved SWAXS experiments
to investigate its underlying mechanism. Finally, the biological
relevance of these results has been discussed.
2. Materials and methods
2.1. Materials
1,2-Dipalmitoyl-sn-3-phosphatidylcholine (DPPC) (molecularweight
733.56, purity 99%) and 1,2-dilauroyl-sn-glycero-3-phosphocholine
(DLPC) (molecular weight 621.44, purity 99%) were purchased from
Avanti Polar Lipids (Alabaster, Alabama, USA) and used without further
puriﬁcation.
Gemcitabine hydrochloride (2′-deoxy-2′,2′-diﬂuorocytidine mono-
hydrochloride; C9H11F2N3O4 HCl, β-isomer) was purchased from
Sequoia Research Products (Pangbourne, UK). Squalene was purchasedfrom Sigma-Aldrich (France). Gemcitabine–squalene (GemSq, Fig. 1)
was synthesized by covalent coupling of 1.1′.2-trisnorsqualenic acid to
the 4-amino group of gemcitabine as previously described [7].
Puriﬁedwater (Milli-Q,Waters) was used for sample preparations.
2.2. GemSq/DPPC mixture preparation
Chloroform stock solutions of DPPC (or DLPC) and GemSq were
mixed to obtain the chosen molar ratios r=[GemSq]/ [DPPC]
between 0 and 0.45. Samples were dried under a nitrogen stream
and then submitted to low-vacuum freeze drying. The dry ﬁlms were
hydrated in excess (80%w/w) with ultrapure Millipore water or
10 mM Hepes buffer. The suspensions were heated above the chain
melting transition temperature of the phospholipid, i.e. at 50 °C for
GemSq/DPPC mixtures and at 20 °C for GemSq/DLPC mixtures. They
were vortexed in order to ensure homogeneity. An aliquot of the
samples (about 10 mg) was loaded either into hermetically sealed
aluminium pans (50 µL, Perkin-Elmer, Waltham, Massachusetts, USA)
for DSC measurements or quartz capillaries (external diameter 1.4±
0.1 mm and wall thickness 0.01 mm) (Glas, Müller, Berlin, Germany)
for X-ray experiments. The top of the capillaries was closed by a drop
of parafﬁn to prevent water evaporation.
2.3. Differential scanning calorimetry
Thermal analysis has been carried out using a DSC 7 (Perkin-Elmer,
Inc.) equipped with a cooling device (Intracooler II) in dry air
atmosphere. Lauric acid (99.5% purity, melting point Tm=43.7 °C,
enthalpy of ΔHm=35.713 kJ/mol) [14] was used as calibration
standard. Thermograms were recorded at 1 °C/min, 2 °C/min and
5 °C/min. Higher scan rates allow to highlight small thermal events.
Data analysis has been performed using TA Universal Analysis
program (New Castle, Delaware, USA). The transition temperatures
were taken at the onset of the transitions (Tonset) i.e., the intersection
of the tangent to the left side of the endothermic peak with the
baseline. The enthalpy of the transitions was obtained from the area
under the peaks. To calculate the area under the peak, a baseline
connecting the linear segments of the heat capacity curve between
the onset and endpoint of the transition was subtracted.
Fig. 2.DSC thermogramsofDPPCandGemSq–DPPCmixtures fullyhydrated. Themolar ratio
r=[GemSq]/[DPPC] of the mixture is indicated on the corresponding curve. Thermograms
were recorded at 5 °C/min.
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X-ray scattering experiments were performed on the Austrian
synchrotron beamline at ELETTRA (ELETTRA Synchrotron Laboratory,
Sincrotrone Trieste, SCPA, Trieste, Italy) and on the SWING synchro-
tron beamline at SOLEIL (Synchrotron SOLEIL, Gif-sur-Yvette, France).
The scattered intensity was reported as a function of the scattering
vector q=4πsinθ/λ, where 2θ is the scattering angle and λ the
wavelength of the incident beam. For both instruments the calibration
of the q-range was carried out with pure tristearine (2Lβ form) [15]
and silver behenate [16]. Samples were heated in a homemade
microcalorimeter, Microcalix, designed to allow simultaneous ther-
mal and X-raymeasurements from the same capillary in the−30 °C to
130 °C range, with a 0.01 °C temperature resolution [17].
The Austrian SAXS BL5.2 L beamline was operated at 8 keV. Small
angle (SAXS) and wide angle (WAXS) X-ray scattering patterns were
recorded simultaneously using two position sensitive linear gas
detectors, argon-ethane ﬁlled, with sample-detector distances of
120 and 33 cm respectively [18,19]. Exposure times were typically
300 s for static measurements, after equilibration at the given
temperature, and 120 s for measurements during temperature
scans. On SWING beamline operated at 15 keV the data were collected
by a two-dimensional CCD detector. The sample to detector distance
was set to 50 cm to cover the whole q-range of interest. Intensity
values were normalized to account for beam intensity, acquisition
time and sample transmission. Each powder-like diffraction pattern,
displaying a series of concentric rings, was then integrated circularly
to yield the intensity as a function of the radial vector q. During
temperature scan at 1 °C/min, data were acquired for 0.5 s, followed
by a waiting time of 29.5 s with the beam shutter closed. At the end of
all time-resolved acquisitions, the capillary was translated by about
2 mm so that the pattern of a previously unexposed portion of the
sample could be recorded. This allowed to check possible radiation
damage reﬂected by peak broadening. Experiments were repeated to
ensure reproducibility.
3. Results
The inﬂuence of GemSq on DPPC bilayers has been investigated
using DSC and small and wide angle X-ray scattering. In excess water
the zwitterionic molecules of DPPC form bilayers whose structure and
long-range organization depend on temperature. As temperature is
increased from room temperature, DPPC displays successively three
lamellar phases, the gel phase Lβ′, the gel ripple phase Pβ′ and, ﬁnally,
the liquid-crystalline phase Lα. In the Lβ′ phase the chains are fully
extended, packed in a pseudo-hexagonal lattice and tilted with
respect to the lipid bilayer plane. In the Pβ′ phase, the packing of the
chains becomes hexagonal and bilayers are distorted by a periodic
ripple. Above the main transition, in the Lα phase, the chains have a
liquid-like conformation [20].
3.1. Thermal behaviour of DPPC in the presence of GemSq
Fig. 2 displays selected calorimetric curves of GemSq/DPPC
mixtures recorded during heating scan at 5 °C/min showing a
progressive evolution of DPPC thermal behaviour as a function of
GemSq concentration. DSC data highlight three regions:
Mixtures with r≤0.01: the onset temperatures of the pretransi-
tion, between the Lβ′ and Pβ′ phases, and of the main transition,
between the Pβ′ and Lα phases, are slightly lowered. The
enthalpies of these transitions are a little smaller than those
found for pure DPPC (ΔHp=5 kJ/mol, ΔHm=37 kJ/mol)[21].
Mixtures with 0.045≤r≤0.20: the pretransition disappears for
rN0.045. At r=0.045 the main transition becomes broader and
asymmetric. Aprominent shoulder is visible on the low-temperatureside of the sharp peak, whose position corresponds approximately
to that of DPPCmain transition. As GemSq content further increases,
the sharp component progressively vanishes without change of
its position. A broad transition takes place in the temperature
range [∼30 °C, ∼43 °C] with a faint thermal event detected at about
30 °C.
Mixtures with r≥0.25: the DSC curves show only a weak and very
broad endotherm. A breakpoint in the slope of heat ﬂow versus
temperature can be detected around 20 °C. The completion
temperature is identiﬁed at about 40 °C.Within experimental uncertainty, the enthalpy of the endothermic
transition observed upon heating decreases almost linearly as a
function of r, from ∼34 kJ/mol of lipids at r=0.045 to ∼22 kJ/mol of
lipids at r=0.45. Whatever the composition of the mixture, the DSC
curves recorded upon cooling exhibit similar features to those
observed upon heating (Fig. 3). The enthalpies are the same,
indicating that transitions are reversible. It is noteworthy that the
onset of the cooling exotherm is very close to the offset of the heating
endotherm, suggesting that equilibrium is quickly reached and that
no metastable state is present for these scan rates (2 °C/min). The
evolution of the thermal behaviour of the mixtures with composition
shows that DPPC and GemSq are miscible in a wide composition
range.3.2. Structural characterization of GemSq/DPPC mixtures at 50 °C
The SAXS and WAXS patterns of GemSq/DPPC mixtures have ﬁrst
been recorded at 50 °C, well above the transition. The WAXS patterns
of all samples show that the lipid chains are in a liquid-like, highly
disorganized, conformation at this temperature. The SAXS patterns
are indicative of the lamellar Lα phase for all molar ratios. A sharp
peak and a second order peak, arising from regular spacing of bilayers,
are observed. The lamellar spacing increases slightly with r, from
d=66 Å at r=0.01 to d∼68 Å above r=0.25. The peaks are slightly
broadened in the presence of GemSq (Fig. 4).
Fig. 3. DSC scans of GemSq/DPPC mixtures at molar ratio r=0.10 and r=0.45. Heating
and cooling cycles were performed at 2 °C/min.
Fig. 4. SAXSpatterns of GemSq/DPPCmixtures at 50 °C (lamellar phase). The correspond-
ing molar ratio r is indicated on each curve.
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temperatures below the transition
In a second set of experiments, the SAXS and WAXS patterns of
GemSq/DPPC mixtures have been recorded below the transition,
namely at 20 °C for samples with 0.008brb0.18 and at 15 °C for
samples with rN0.20. Representative small-angle X-ray scattering
patterns are displayed in Fig. 5a. In Fig. 5b the positions of peaks
observed in each pattern are plotted as a function of r. For rb0.04 the
Lβ′ phase is clearly identiﬁed by three SAXS reﬂections equally spaced,Fig. 5. (a) SAXS patterns of GemSq/DPPCmixtures below the transition. The correspond-
ing molar ratio r is indicated on each curve. (b) Dependence of the peak positions,
expressed as q (Å−1), on the GemSq/DPPC molar ratio. Below r=0.1, the lamellar and
cubic phases coexist. Above r=0.1 the twobicontinuous cubic phasesPn3mand Im3mare
identiﬁed. The Miller indices of the cubic phase planes are indicated with bold and italic
characters for Pn3m and Im3m, respectively. The patterns were recorded at temperature
below theonset of the transition evidenced byDSC, i.e. at 20 °C for pureDPPCandmixtures
with molar ratio 0.01b rb0.18 and at 15 °C for higher molar ratios.
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q=1.48 Å−1 (d=4.3 Å) with a shoulder at q=1.51 Å−1 (d=4.2 Å).
Increasing GemSq concentration induces changes in the lipid
structure. For r=0.045, WAXS proﬁles shows a broad peak at
q∼1.5 Å−1, indicating the loss of extended two-dimensional order
of the chains. For mixtures with molar ratio rN0.08, the SAXS proﬁles
evolve in seven well resolved Bragg reﬂections. An additional weak
peak is seen at higher q (q∼0.199 Å−1). Peak positions slightly shift to
higher q with increasing r, up to r=0.1. Above r=0.1, peak positions
remain constant, within experimental uncertainty.
SAXS data are best ﬁtted with two sets of Bragg reﬂections,
suggesting the coexistence of two inverse bicontinuous cubic phases.
For rN0.1, the ﬁrst series has an onset at scattering vector
q=0.074 Å−1 and q values spaced in the ratios √2, √4, √6, √8, √10,
√12 and √14. These Bragg peaks are assigned to the (110), (200),
(211), (220), (310), (222) and (321) reﬂections of a cubic lattice of
space group Im3m. The onset of the second series is at q=0.082 Å−1
and q values are spaced in the ratios √2, √3, √4, √6, √8, √9 and √10.
These peaks index as the (110), (111), (200), (211), (220) (221) and
(310) reﬂections of a cubic lattice of space group Pn3m. As displayed
in Fig. 6, most Bragg reﬂections of the two lattices overlap, due to the
width of the peaks and the experimental resolution.
The inverse bicontinuous cubic phases (QII) can be described as a
bilayer whose midplane lies on an inﬁnite periodic minimal surface.
The Pn3m and Im3m cubic phases correspond to D (Diamond) and P
(Primitive) surfaces, respectively [22–24].
The lattice parameters are respectively aPn3m=102±3 Å and
aIm3m=118±3 Å for the Pn3m and Im3m phases whatever GemSq
content in the range 0.08b rb0.45 (insert Fig. 6). The ratio aIm3m/aPn3m
is about 1.16, in reasonable agreement with the theoretical Bonnet
ratio (1.279) expected when both the D and P phases coexist in excess
water. Other examples of coexisting Im3m and Pn3m phases in lipid/
water systemswhich are consistent with the Bonnet model have been
reported [25–27].
These cubic phases are pure for rN0.1 and coexist with the lamellar
gel phase in the composition range 0.06brb0.1, as shown by the
presence of the residual third order peak of the Lβ′ phase. The WAXS
pattern of the QII phase differs clearly from the structureless proﬁle
observed for the Lα phase. It consists of a broad symmetric peak,Fig. 6. SAXS pattern of GemSq/DPPC mixture (r=0.14) at 20 °C. Positions of hkl-
reﬂections of the two cubic phases are indicated with italic and bold characters for
Im3m and Pn3m space groups, respectively. In the insert, ﬁlled triangles represent
reﬂections of the Pn3m space group while open triangles indicate reﬂections of the
Im3m cubic phase. The lattice parameters of the two cubic phases were obtained from
the reciprocal slope of the linear plots of q versus (h2+k2+ l2)1/2.reﬂecting the mean spacing of chains devoid of long-range order in
the plane of the bilayer. This peak vanishes after completion of the
DSC endotherm (see below Fig. 8).
3.4. Temperature induced QII–Lα phase transition
Time-resolved SWAXS experiments have been performed to gain
an insight into the kinetics and underlying mechanism of the QII–Lα
phase transition. Sequences of SAXS patterns have been collected
during heating or cooling scans. It has been checked that samples go
through the same intermediate states, irrespective of whether they
are subjected to heating or cooling. However, the transitions QII–Lα
(or Lα–QII) do not exhibit the same characteristics depending on
GemSq content. Two different behaviours have been evidenced in the
composition ranges 0.08b rb0.20 and 0.25b rb0.45. The reported data
are representative of these different evolutions between QII and Lα
phases.
We focus ﬁrst on the variation of the interlamellar distance above
the transition (Fig. 7). Upon approaching the transition from higher
temperatures, SAXS curves reveal a non-linear increase in the lamellar
spacing: a clear breakpoint in the slope of d-spacing versus T is
observed. This anomalous increase in d extends over a larger temp-
erature range and is much more pronounced when GemSq is higher
than r=0.20. For instance, when r=0.3 the lamellar spacing in-
creases by about 20 Å over a wide interval of about 15 °C. This
compares to an increase of ∼3 Å spanning over ∼5 °C for r=0.01, in
agreement with values obtained for pure DPPC. The origin of the
anomalous swelling observed close to the melting temperature Tm in
pure CnPC (the subscript n refers to PC chain length) has been
thoroughly discussed [28–31]. The model emerging is that bothFig. 7. Interlamellar distance of GemSq/DPPC Lα phase as a function of temperature:
r=0.01(○), r=0.12 (▲) and r=0.30 (*). Upon approaching the transition Lα–QII from
higher temperatures, a large non-linear increase in d-spacing is observed (r=0.12 and
r=0.30). The curve r=0.01 is given for comparison.
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layer thickness are involved [32]. Raman spectroscopy andNMR,which
are sensitive to chain conformational order, indicate a straightening of
acyl chains [33,34]. On the other hand, it has been suggested that
density ﬂuctuations result in a softening of the bilayer which, in turn,
causes a swelling of the water layer via enhanced repulsive Helfrich
undulations of the membranes. These dynamic density ﬂuctuations
near Tm have been detected by ﬂuorescence [35] and correlated to the
lowering of the membrane bending modulus [36].
In GemSq/DPPC mixtures, the swelling of the lamellar phase is
correlated with evolution of the local structure of the bilayers, as
evidenced byWAXS patterns (Fig. 8). This is better seen at high molar
ratios. For instance, for r=0.3, a broad symmetric bump forms
between ∼37 °C and 27 °C and progressively shifts to slightly higher q
in this temperature interval, indicating a change in lateral chain
packing. The higher short-range order and gradual decrease of
interchain spacing suggest that an increasing fraction of lipid chains
adopt an all-trans conformation upon cooling. This broad peak
remains in the QII phase. The lamellar d-spacing increase is also
accompanied by a progressive broadening of the SAXS Bragg
reﬂections and a decrease of their intensity, consistent with enhanced
undulations of membranes resulting from a decrease of the bending
modulus [32,37]. Density ﬂuctuations, which are thought to lower the
bilayer bending modulus, may be due to domains of higher chain
order and higher local density than the completely ﬂuid regions, and/
or to concentration ﬂuctuations in binary lipid mixtures. Increasing
GemSq content seems to strongly enhance ﬂuctuations of membranes
close to the transition, as inferred from the amazingly large values of
d-spacing observed at high molar ratios. Therefore, it may be
hypothesized that, in these binary lipid mixtures, density ﬂuctuations
should mainly arise from concentration ﬂuctuations as temperature is
lowered towards the transition.
Fig. 9 presents the SAXS patterns of GemSq/DPPC mixture with
r=0.1 recorded between 15 °C and 55 °C at 2 °C/min. At 15 °C the
diffraction pattern is characteristic of the Pn3m inverse bicontinuous
cubic phase coexisting with a minor Im3m phase. Up to ∼28 °C peak
positions do not vary. The ﬁrst small peak, assigned to the Im3m
phase, becomes better resolved upon heating. Between 30 and 32 °C
the beginning of the transition is evidenced by the appearance of a
(indicated by an arrow in Fig. 9) weak additional reﬂection at
q=0.087 Å−1. At the same time the ﬁrst two peaks shift to lower q
suggesting a swelling of the nanostructure. The new reﬂection is
observed at the same position up to 36 °C. It might merge into the
lamellar peak at higher temperature. The system comes close to itsFig. 8. WAXS patterns as a function of temperature of GemSq/DPPC mixtures with
r=0.12 and r=0.30. The rise of a broad bump indicates a change in conformation and
lateral packing of chains upon cooling in the vicinity of the transition Lα–QII (see r=0.3
at 25 °C). This short-range order remains in the cubic phase (see r=0.12 at 25 °C).maximum swelling around 34 °C. Between 36 °C and 40 °C the
scattering curves show gradual disappearance of the Bragg reﬂections
from the initial cubic phases and growth of the peaks from the lamellar
phase. As the transition proceeds, the system seems to shrink. It was
not possible to determine unambiguously the intermediate structure
of the system in the temperature range 32 °C–38 °C from the different
peak positions. However, there is continuity across the transition of
the reﬂection corresponding to the (110) planes of the Pn3m lattice at
low temperatures and to the (001) planes of the lamellar phase at high
temperatures. The second order reﬂections show the same continuity.
This suggests an epitaxial relationship between the phases involved in
the transition. In the lamellar phase anomalous swelling region,
between 40 °C and ∼46 °C, the Bragg reﬂections exhibit the effects of
enhanced Helfrich ﬂuctuations of membranes in the vicinity of the
transition. They progressively sharpen and move to higher q upon
raising temperature. The interlamellar distance decreases from 73 Å to
67 Å. Above 46 °C, the lamellar peak positions remain constant.
Coming back to calorimetric measurements (see Fig. 3 above,
r=0.1), the ﬁrst step of the transition is correlated to the weak
thermal event detected at about 30 °C while the main component of
the endotherm corresponds to the growth of the lamellar phase,
accompanied by the decrease of the WAXS bump.
GemSq/DPPC mixtures with rN0.25 display strikingly different
behaviour, as shown for r=0.30 (Fig. 10). Starting from the ﬂuid
lamellar phase Lα, the temperature was lowered from 42 °C to 1 °C at
0.5 °C/min. Cooling to about 26 °C induces a continuous shift of
lamellar Bragg peaks toward lower q values. The lamellar spacing
increases from 68 Å to 87 Å. This increase is accompanied by a
broadening of the line shapes and a decrease of their intensity, as
described above. This anomalous swelling region corresponds to the
high-temperature side of the exotherm observed by DSC. Below 25 °C
SAXS patterns are characterized by two components, the Bragg peaks
arising from the lamellar phase and a broad bump centered at a qc
value around 0.13 Å−1. The second order lamellar reﬂection super-
imposes on this broad peak. When temperature is decreased, this
intermediate state keeps on swelling as shown by the progressive
shift to lower q values of the SAXS patterns. Between 20 °C and 18 °C a
series of peaks emerges, superimposing on the broad bump (insert
Fig. 10). A residual contribution from lamellar structure is present.
Bragg reﬂections, which can be identiﬁed as arising from a Pn3m and
minor Im3m cubic phases, become well deﬁned and sharp at 16 °C.
The Lα phase peak and the diffuse scattering under the QII peaks are
no longer observed. In the cubic phases peak positions do not depend
on temperature. The temperature induced Lα–QII transition appears
to extend over a rather broad temperature interval, between
approximately 25 °C and 16 °C, coinciding with the low-temperature
side of the exotherm. In this range, an intermediate phase,
characterized by a broad scattering peak, develops at the expense of
the lamellar phase and subsequently gives rise to the cubic phase. This
intermediate phase is likely a sponge-like phase. Locally, sponge
phase may display very short-range ordering, similar to patches of a
bicontinuous cubic structure. Thus, sponge phase may be considered
as a cubic phase precursor or, alternatively, as a melted cubic phase.
The broad SAXS peak describes correlations between bilayers. From
its position qc a characteristic size of passages can be estimated as
d(L3)=2π/qc∼50 Å.4. Discussion
In marked contrast to gemcitabine and squalene which do not
penetrate DPPC bilayers [38,39], amphiphilic GemSq molecules insert
between the lipid acyl chains, with their polar head group anchored at
the aqueous interface. When added to fully hydrated DPPC gel phase
at concentrations higher than r=0.08 GemSq induces the formation
of an inverted bicontinuous cubic phase. It must be emphasized that
Fig. 9. Recording of SAXS patterns as a function of temperature for GemSq/DPPC mixture with r=0.1. The evolution of peak positions is reported on the left. The heating scan was
performed at 2 °C/min.
Fig. 10. Recording of SAXS patterns as a function of temperature for GemSq/DPPC mixture with r=0.3. The insert shows the intermediate states at 21 °C and 19 °C. The evolution of
peak positions is reported on the left. The cooling scan was performed at 0.5 °C/min.
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the phase diagram, at high temperature and very low hydration.
As shown by well resolved Bragg peaks, the Pn3m cubic phase
displays long-range 3d order.Within a unit cell, the mean curvature of
the minimal surface corresponding to the midplane of the bilayer is
zero at all points while the Gaussian curvature is negative. A quasi
homogeneous distribution of GemSq molecules in monolayers is thus
likely. However, the structure of the bilayer is difﬁcult to ascertain.
Usually, in phospholipids having a propensity to form inverted
phases, QII phases are observed between the ﬂuid Lα phase and the
HII phase, upon heating. Acyl chains are in a highly disorganized state
as inferred from WAXS and NMR data [40]. Conversely, GemSq/DPPC
mixtures display QII phase at low temperature and then convert to Lα
phase at higher temperature. The WAXS pattern of the QII phase is
obviously different from that of the Lα phase, indicating a higher
short-range order. Moreover, the enthalpy of the endothermic
transition between QII and Lα phases is signiﬁcantly higher than the
enthalpies usually associated to Lα–QII or Lα–HII transitions. Despite
the important structural changes occurring, these transitions are
weakly endothermic. According to Seddon [40], the Lα–HII transition
enthalpy is about 5–15% that of the gel–ﬂuid transition, in agreement
with Rappolt et al. [41]. Qiu and Caffrey reported a value of 40 cal/mol
of lipid for the Lα–Ia3d transition in hydrated monoolein [42]. It is
thus likely that the GemSq/DPPC transition enthalpy arises not only
from the change in topology of the bilayers but also from a change in
the internal structure of the bilayer. On the basis of DSC and WAXS
data, it may be hypothesized that the conformational order exhibited
by DPPC acyl chains in the gel phase is mainly preserved in the QII
phase at the same temperature whereas the chain packing is strongly
perturbed: the presence of GemSq hinders the regular packing with
long-range lateral order of extended DPPC chains. Above the
transition all the lipid chains are in a liquid-like, highly disorganized,
conformation. Therefore, the transition enthalpy of mixtures display-
ing QII phase should arise from trans-gauche isomerization of the
DPPC chains, progressive coiling up of the squalene moieties, change
in topology of the bilayers and possible change in hydration.
The intermediate state of order of lipids in the QII phase seems
reminiscent, at least partly, of the so called “liquid-ordered” phase
(Lo) formed in mixtures of saturated PC (or SM) and cholesterol
which exhibits an intermediate order between those of the gel and
ﬂuid phases: extended chains are tightly packed but without lateral
order [43,44]. Interestingly, in a recent review focused on inverse
lyotropic phases of lipids, the existence of bicontinuous cubic phases
involving lipids not in the usual ﬂuid state has been speculated by
Shearman et al. [23]. They claimed that “there seems to be no reason
why inverse curved “liquid-ordered” phases should not occur”.
The self-assembly architecture of amphiphilic molecules can be
deﬁned by the geometry of the polar–apolar interface. The local
constraint of a preferred curvature at the interface is given by the
molecular shape, described by the packing parameter p=v/Al, where
v is the volume of the hydrophobic part of the molecule with length
l and A is the cross sectional headgroup area. The packing parameter
being actually the ratio of the cross sectional areas of the hydrophilic
and hydrophobic parts of the amphiphile, inverted non-lamellar
phases are favoured if pN1. If the amphiphilic components of a
mixture do not phase separate, a “mean packing parameter” can be
deﬁned as bpN=Σxipi where pi is the packing parameter and xi the
mole fraction of the component i. More rigorous approach considers
that the supramolecular organization is such that the total free energy
of the system is minimized. It is assumed that it is the competition
between the curvature elastic energy and the chain packing energy
which determines the phase structure [22].
To understand the topology of GemSq/DPPC bilayers the simplest
approach takes into account the spontaneous monolayer curvature C0
of the system. In excess water, DPPC always forms ﬂat lamellar phases.
On the other hand, GemSq molecules form inverted hexagonal phaseupon self-assembly in water. The aqueous core of close-packed
cylinders is surrounded by hydrophilic Gemcitabine molecules linked
to the squalene moieties. This structure can be explained by simple
geometrical arguments, considering the shape of the GemSq mole-
cule. Unsaturations and side CH3 groups of the Sq chain result in a
bulky hydrophobic moiety whereas the polar headgroup is small. The
area permolecule at the headgroup/water interface has been deduced
from experiments on monolayer ﬁlms using the Langmuir ﬁlm
balance: a value of 35 Å2 was evaluated at the surface pressure of
33 mN/m [7]. In the inverted hexagonal phase the squalene chains are
allowed to splay in spite of the small polar headgroup interfacial area.
The presence of GemSq, which has a negative value of C0 when pure,
alters the spontaneous monolayer curvature of DPPC. An intermediate
value is expected for the mixture. According to the usual sequence of
phases, Lα, QII and HII, observed when C0 becomes increasingly
negative, the formation of an inverted bicontinuous cubic phase is
feasible. However, if the spontaneous curvature of the mixture was
actually the mole fraction-weighted average of the spontaneous
curvatures of the components, an increase of the interfacial curvature
and then a decrease of the lattice parameter with increasing GemSq
would be expected. In fact, it must be emphasized that the Pn3m
phase displays a constant lattice parameter in the concentration range
∼(0.1, 0.45), indicating that the interfacial curvature does not
signiﬁcantly changes. This suggests that the mean packing parameter
in these mixtures deviates in magnitude from the weighted-averaged
value as a result of intermolecular interactions between components
and/or modiﬁed hydration.
4.1. Structural transition QII–Lα
Although Lα and QII are structures with different long-range order
and symmetries, they have the same basic building unit, a bilayer. Two
elastic constants describe the elastic properties of the membrane, the
elastic mean curvature modulus (bending modulus), k, and the elastic
Gaussian curvature modulus, κ. The mean curvature modulus k
characterizes the energy required to bend the membrane around its
equilibrium position while the Gaussian modulus is involved when
there is a change in topology of the membrane. As emphasized by
Siegel et al., the difference in curvature elastic energy between the Lα
and QII phases is due to the Gaussian curvature of the QII phase [45].
Minimization of the curvature energy leads to different topologies as a
function of κ. Positive values of κ favour saddle deformations and thus
cubic phases whereas the lamellar phase is energetically more
favourable if κ is negative. At the transition temperature between
QII and Lα, κ is expected to be equal to zero. It has been shown that
the Gaussian curvature modulus of a bilayer can be expressed as
κ=2(κm−4kmC0l), where κm (negative for systems forming inverse
cubic phases) and km are the monolayer Gaussian and bending
modulus respectively, l is the monolayer thickness and C0 the
monolayer spontaneous curvature. The bilayer Gaussian curvature κ
is a function of temperature since the parameters km and C0 are known
to be affected by changes in temperature. The Lα phase should occur
when km and the magnitude of C0 become small enough for κ to be
negative. The monolayer bending modulus of phospholipid mem-
branes tends to decrease with increasing temperature. Moreover, as
reported above, the membrane bending modulus is lowered by
dynamic density ﬂuctuations in the vicinity of the transition.
Regarding the monolayer spontaneous curvature, increasing temper-
ature results in a small change of the DPPC molecular shape. Indeed,
the headgroup area of DPPC increases from 47 Å2 in the gel phase to
about 64 Å2 in the ﬂuid phase while the estimated hydrophobic
volume of the chains increases from 825 Å3 to 911 Å3 [46–48]. The
extended chain length, determined from molecular model, is 17.5 Å.
Consequently, the DPPC packing parameter decreases from ∼0.997 at
20 °C to ∼0.813 at 50 °C. A similar evolution is expected in the
mixtures. The effect of temperature on GemSq molecular shape is not
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of DPPC and GemSq to the “mean packing parameter” of the mixtures
lead to a more cylindrical shape of the “effective molecule” at high
temperature, destabilizing the inverse cubic phase. The importance of
the conformational state of the phospholipid molecule on the
structure of the GemSq/DPPC mixtures has been further checked by
replacing DPPC with DLPC which is in the ﬂuid state at room
temperature. At room temperature, mixtures of DLPC and GemSq
exhibit a liquid-crystalline Lα phase whatever the GemSq content in
the range 0.05b rb0.25 (data not shown). These results suggest that
the packing parameter and bending modulus of the phospholipid
must reach a critical value to allow the formation of an inverse
bicontinuous cubic phase in the presence of GemSq. In conclusion, the
QII–Lα phase transition can be qualitatively explained by the variation
of the elastic free energy with temperature.
Taken together, calorimetric and structural data show that the
transition between QII and Lα phases is reversible and does not
display signiﬁcant hysteresis. This indicates that QII and Lα phases are
thermodynamic equilibrium structures. Time-resolved studies of the
Lα–QII and the reverse QII–Lα transitions can shed light on their
mechanism. Siegel has proposed the existence of intermediate
structures to explain the transition from a lamellar to a QII phase
[49]. These intermediates should be similar to those involved in
membrane fusion. According to Siegel, water-ﬁlled channels formed
between adjacent bilayers of the lamellar phase are the precursors of
the cubic phases. Once they are formed these fusion pores, also
referred to as interlamellar attachments, ILAs, arrange themselves in
square lattices to ultimately yield an inverse bicontinuous cubic
structure (Im3m). It may be suggested that, at high GemSq/DPPC
molar ratios, strong Helfrich undulations of the swollen Lα mem-
branes lead to contact between apposing bilayers and to uncorrelated
ILAs events as temperature is decreased. This results in the formation
of a sponge phase, coexisting with Lα, which later transforms into an
ordered bicontinuous cubic phase while the Lα phase tends to
disappear. Conversely, heating the cubic phase leads to random
closure of the passages connecting bilayers, resulting again in a
disordered three-dimensional network. At variance to QII phases, the
sponge phase is characterized by non-uniform interfacial curvature. It
has been emphasized that membrane curvature inhomogeneity can
be caused by an inhomogeneous distribution of amphiphilic mole-
cules in a two component lipid system [50]. At high GemSq/DPPC
molar ratios, the strong concentration ﬂuctuations likely undergone
by Lα membranes in the anomalous swelling region are therefore
expected to induce non-uniformity of the interfacial monolayer
curvature. Furthermore, the huge swelling of the lamellar phase
close to the transition results in a largemismatch between the spacing
of the (001) planes of the lamellar phase and the spacing of the (110)
planes of the cubic phase. The large d-spacing of the lamellar phase,
compared to d(110) of the QII phase precludes an epitaxial
relationship between the lamellar (001) planes and the (110) planes
of the Pn3m cubic lattice. According to Angelov et al., weakly ordered
intermediate states are favoured in this case [51]. They enable to
bridge two phases displaying not commensurate cell parameters.
In contrast, the QII–Lα transition occurs without formation of
disordered intermediate states at GemSq/DPPC molar ratios lower
than 0.2. As stressed by Garstecki and Holyst, the epitaxial
relationship between the (110) planes of the Pn3m lattice and the
(001) planes of the lamellar phase suggests that the lamellae can grow
from the (110) planes of the cubic phase [52]. Epitaxial relationships
between structures involved in a phase transition have been reported
in some systems [53–55]. In the case of phases formed by bilayers,
epitaxy allows to preserve the continuity of bilayers and is therefore
energetically favourable. This has been evidenced by Kleman in a
surfactant system, cetylpyridinium chloride (CPCL)/hexanol/brine
using polarized light microscopy [56,57]. At high dilution, this system
displays a sponge phase which converts to a lamellar phase uponheating. The characteristic shape of Lα phase droplet growing from
sponge phase when temperature is raised (or alternatively of L3
droplets in Lα phase) indicates that the Lα bilayers always make a
constant angle θ with the interface. This angle is such that cos θ=
d(Lα)/d(L3), where d(Lα) is the lamellar d-spacing and d(L3) the
characteristic length of the sponge phase. This results in the matching
of the characteristic lengths d(Lα) and d(L3) at the interface of the two
phases.
In conclusion, the transition mechanism between QII and Lα
phases depends on the GemSq/DPPC molar ratio. It involves either
epitaxial growth of phases or disordered sponge-like intermediate
structures. Noteworthy, comparison between the ﬁnal lattice para-
meters of the cubic and lamellar phases does not allow to anticipate
the transition mechanism since these parameters are nearly inde-
pendent of the self-assembly composition. The key parameter appears
to be concentration ﬂuctuations in the plane of the bilayer close to
the transition. Strong concentration ﬂuctuations favour sponge-like
intermediate states.4.2. Biological implications
The biological implications of the above results deserve special
attention. Besides protecting GemSq against rapid deamination by
dCDA (deoxycytidine deaminase) the covalent linkage of squalene to
gemcitabine leads to an amphiphilic prodrug which can insert into
lipid bilayers and affect their curvature. In contrast, it has been shown
that, at neutral pH, free Gem partitions between the aqueous medium
and the lipid–water interface, weakly interacting with DPPC bilayers.
These results strongly suggest that intracellular GemSq uptake may
occur through passive transport process, without the need for speciﬁc
nucleoside transporters, whereas active transport is required for Gem
to penetrate into cells. This could explain that GemSq is able to
overcome one factor of resistance to Gem, the low nucleoside
transport activity. Contrary to Gem, GemSq was found to exhibit a
signiﬁcant anticancer activity in CEM/ARAC 8C cells with deﬁciency in
hENT1 transporters [9]. Inside the targeted cells the cleavage of amide
bond of GemSq by cathepsin B, a cysteine protease abundant in cancer
cells, (and by cathepsin D, an aspartic protease) leads to the
progressive release of Gem from the prodrug. The slow release of
Gem is believed to avoid overloading of kinases which convert Gem
into its active phosphorylated counterpart. Thus, the prodrug could
enable to bypass a second factor of resistance to Gem, the low
intracellular dCK enzymatic activity, as in L1210 10 K cell line [12].
Last, one might speculate that there is also a relationship between
the activity of GemSq and its ability to induce the formation of non-
lamellar structures. Indeed, sound experiments have evidenced that
some antimicrobial peptides, which increase bacteria membrane
permeability without speciﬁc interaction with a protein receptor,
favour the formation of non-lamellar structures in phosphatidyletha-
nolamines (PE). Besides anionic lipids, the plasma membrane of
bacteria consists predominantly of PEs displaying a Lα to HII phase
transition upon heating. It has been shown that peptides such as
alamethicin and gramicidin S decreased strongly the temperature
onset of non-lamellar phase formation in PE model membranes or in
membranes prepared frommicrobial lipid extracts. They triggered the
formation of bicontinuous cubic phases [27,58–60]. Regarding GemSq,
it may be thought that, in physiological conditions, weak concentra-
tions of GemSq interact with some lipids to promote local and
transient formation of non-lamellar structure. The above results
suggest that these lipids could be phosphatidylcholines either in the
gel phase at physiological temperature or, more likely, in the “liquid-
ordered” state in rafts. It may be hypothesized that these lipids could
be also lipids prone to form non-bilayer structures such as PEs.
Therefore, GemSq might also contribute to cell death in a non-speciﬁc
manner, by compromising their membrane integrity.
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It has been evidenced that GemSq can induce the formation of an
inverse bicontinuous cubic phase in fully hydrated DPPC at room
temperature. The basic bilayer structure displays an intermediate
order between those of the gel and ﬂuid phases of DPPC. A reversible
transition to a ﬂuid lamellar phase occurs when temperature
increases. The transitions between these two phases are governed
by different mechanisms, depending on the GemSq/DPPC molar ratio
in the membrane. At low GemSq concentration, an epitaxial
relationship is observed between the Pn3m cubic lattice and the
lamellar phase. At higher GemSq concentration, the transition appears
slower. Swollen intermediate states occur between the cubic and the
lamellar phases. A sponge-like phase is identiﬁed, coexisting with the
lamellar phase. The inﬂuence of GemSq molecules on DPPC structure
has been correlated to their insertion in the bilayer and to their ability
to alter the spontaneous curvature of the membrane leaﬂets. The
ﬁndings that GemSq can penetrate the membrane and promote the
formation of non-lamellar structures may be an important aspect in
its cytotoxic activity.
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